The Thomas equation is a popular model that has been widely used to predict breakthrough curves (BTCs) when describing the dynamic adsorption of different pollutants in a fixed-bed column system. However, BTCs commonly exhibit unsymmetrical patterns that cannot be predicted using empirical equations such as the Thomas model. Fortunately, adaptive neural-based fuzzy inference systems (ANFISs) can be used to model complex patterns found in adsorption processes in a fixed-bed column system. Consequently, a new hybrid model merging Thomas and an ANFIS was introduced to estimate the performance of BTCs, which were obtained for Cd(II) ion adsorption on ostrich bone ash-supported nanoscale zero-valent iron (nZVI). The results obtained showed that the fair performance of the Thomas model (NRMSE ¼ 27.6% and E f ¼ 64.6%) improved to excellent (NRMSE ¼ 3.8% and E f ¼ 93.8%) due to the unique strength of ANFISs in nonlinear modeling. The sensitivity analysis indicated that the initial solution pH was a more significant input variable influencing the hybrid model than the other operational factors. This approach proves the potential of this hybrid method to predict BTCs for the dynamic adsorption of Cd(II) ions by ostrich bone ashsupported nZVI particles. This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and redistribution, provided the original work is properly cited
INTRODUCTION
Cadmium compounds are extensively applied in many industries such as metal plating facilities, paint pigments, mining operations, stabilizers and silver-cadmium batteries (Boparai et al. ) . The release of these compounds into the environment can cause adverse health effects for humans such as kidneys disease, high blood pressure, lung insufficiency and bone defects (Boparai et al. ) . As a result, cadmium is considered as priority pollutant by the Agency for Toxic Substances and Disease Registry of the USA (www.atsdr.cdc.gov). The maximum concentration level of cadmium in drinking water is 0.005 mg L -1 as set by the Council of the European Communities in .
Adsorption has been considered to be an alternative method to conventional and modern wastewater treatments for the removal of Cd(II) from wastewater due to its high efficiency, simplicity, low-cost and adaptability (Boparai Yoon-Nelson (Yoon & Nelson ) have been widely used to describe BTCs. Of these, the Thomas model is the most widely used due to its simplicity and applicability for different pollutants. This model is appropriate to predict the adsorption process when internal and external diffusion resistances can be ignored. Furthermore, this model supposes that the adsorption process is described by pseudo-second-order reversible reaction kinetics and Langmuir isotherm at equili- In the present work, a new hybrid approach that combines both the Thomas and ANFIS models to estimate the performance of BTCs for the adsorption of Cd(II) ions by ostrich bone ash-supported nZVI is presented. The normalized root mean square error (NRMSE), efficiency (E f ) and linear regression were calculated for both observed and estimated data in order to evaluate the performance of this hybrid approach.
MATERIALS AND METHODS

Materials
Chemicals purchased from Aldrich Co. (Germany), including Cd(NO 3 ) 2 4H 2 O, FeCl 2 4H 2 O, NaBH 4 , HCl and NaOH, were of analytical grade. Different concentrations of cadmium(II) were prepared by diluting a stock solution (1,000 mg L À1 ).
Preparation of the adsorbent
The ostrich bone waste used in these experiments was obtained from a local butcher's store. The following procedure was used to prepare ostrich bone ash (OBA): which displayed a mesoporous structure, were 11 nm and 0.31 cm 3 g À1 , respectively. The specific surface area was 108.9 m 2 g À1 , thus indicating the high adsorption capacity
for Cd(II) ions. Ca, P and Fe were found to be present in 24.2, 14.1 and 18.9 wt.%, respectively, thus showing the successful stabilization of nZVI. This adsorbent is fully characterized in the supplementary data (available with the online version of this paper) and explained by detail in a previous study from our group (Amiri et al. ) .
Column experiments
Continuous flow experiments were conducted in a glass column with an i.d. of 2 cm and a height of 25 cm. A schematic diagram of the laboratory column study is presented in Figure S5 (available online). Cadmium(II) solution was fed upward into the columns using a peristaltic pump to maintain a constant flow rate. Cadmium(II) BTC was determined using different influent concentrations (50, 100 and 150 mg L -1 ), bed heights (8, 12 and 16 cm), feed flow rates (0.5, 1, 1.5, 10, 20 and 30 mL min À1 ) and pH (2, 5, 7 and 9).
The effluent samples were collected at pre-defined time intervals and the Cd(II) concentration determined using atomic absorption spectroscopy. The following equations were employed to investigate the column data (Cavas et al. ) :
Total amount of metal ions sent through the column
Total quantity of metal ions adsorbed in the column
where C o , C e and C ad are inlet, outlet and adsorbed metal ion concentrations, respectively, Q is the flow rate (mL min -1 ), t e is the bed exhaustion time (min), and M is the mass of the adsorbent in the column.
Modeling approach
The ANFIS model used was a five-layer ANN-FIS system.
Further details of the five-layer ANFIS architecture are presented in the supplementary data. The ANFIS structure with two inputs, two rules based on Sugeno fuzzy rules and one output are presented in Figure S6 
Evaluation criteria
The performance of the hybrid model for predicting BTC was evaluated using different statistical criteria including the determination coefficient (R 2 ), efficiency (E f ) and NRMSE. as follows:
where m and n are the regression coefficients.
Thomas model
The Thomas equation in linearized form is as follows
where C o (mg L -1 ) and C t (mg L -1 ) are the influent Cd(II) concentration and effluent Cd(II) concentration at time t,
respectively, m is the mass of the adsorbent (g), Q is the volumetric flow rate (mL min -1 ), k Th (mL min -1 mg -1 ) is the Thomas rate constant and q ads (mg g -1 ) is the equilibrium Cd(II) uptake per g of the stabilized nZVI. 
Sensitivity analysis for the hybrid model
where R i is the correlation index between and Structure3 with time can be seen in Figure S7 (available online), which shows that NRMSE decreased with increasing number of epochs, remaining constant after 250. Clearly, the NRMSE calculates the differences between the estimated 
Dynamic adsorption of Cd(II) under operating factors
Column experiments were performed under different key operating conditions varying the pH (see Figure 3 (a)), Q (see Figure 3 (b)), H (see Figure 4(a) ), and C o (see Figure   4 (b)). The pH of the solution is a key factor affecting the adsorption process due to ionization of the functional groups in the structure of the adsorbent. In this experiment, the pH was changed from 2 to 9, while maintaining the other key operating conditions constant. This increase in pH increased the adsorption capacity, thus extending the BTC. The C t C o values were 0.06 and 0.85 at a pH of 9 and 2, respectively, in the interval of 4 h (see Figure 3(a) ).
Consequently, the removal efficiency of Cd(II) by ostrich bone ash-supported nZVI increases upon increasing the pH from 2 to 9. This could be due to the point of zero charge (pH PZC ) and the degree of ionization of Cd(II) (Amiri et al. ) . The pH PZC of the adsorbent was about 5.87 and the pH at the ostrich bone ash-supported nZVI surface is neutral. However, the surface charge of the adsorbent is positive at a pH below 5.87 and is negative at any pH above 5.87 (Gil et al. ) . The lowest Cd(II) uptake was Moreover, the higher removal efficiency of Cd(II) ions at pH 9 may be due to the precipitation of cadmium(II) as Cd(OH) 2 .
Another key factor for dynamic Cd(II) adsorption in a fixed-bed column is related to the influent flow rate. As such, the BTC at six different Q (0.5, 1, 1.5, 10, 20 and 30 mL min À1 ) was examined, while maintaining the C o , H and pH. An increase in Q from 0.5 to 30 mL min À1 shifted the BT time and t e to lower values, thus resulting in a lower adsorption capacity (Chowdhury & Saha ; Oguz ). The removal efficiency of Cd(II) by ostrich bone ashsupported nZVI increased in the order Given that the mass of adsorbent particles accumulated in the column and the pressure drop are more significant (Oguz ) , the different adsorbent H studied ranged from 8 to 16 cm. The slope of the BTC decreased with rising H, thus resulting in a widened mass transfer zone. At H ¼ 8 cm, an axial dispersion phenomenon is predominant, which results in a decrease in the diffusion of Cd(II) ions from solution into the pores of the adsorbent. The removal efficiency of Cd(II) ions by ostrich bone ash-supported nZVI was also found to increase upon increasing the H from 8 to 16 cm. This is due to the fact that the increase in H in the column probably increases the surface area, thus providing more binding sites for adsorption (Oguz & Ersoy ) .
The C t C o values were 0 and 0.48 for H of 16 and 8 cm, respectively, in the interval of 4 h (see Figure 4(a) ).
The column BTC performance of ostrich bone ash-supported nZVI was studied using different C o ranging from 50 to 150 mg L -1 (see Figure 4 (b)), with t e and BT time decreasing as the C o increased. This is due to the fact that the mass transfer of Cd(II) ions from solution into the pores of the ostrich bone ash-supported nZVI occurs more rapidly at higher C o . It was also found that the removal efficiency of Cd(II) by ostrich bone ash-supported nZVI increased in the order of
The C t C o values were 0 and 0.39 for C o of 50 and 150 mg L -1 , respectively, in the interval of 4 h (see Figure 4(b) ). This phenomenon can be explained by the faster saturation of the adsorbent active sites at higher C o , which results in a decrease in BT time (Oguz & Ersoy ; Oguz ) .
Comparison between the Thomas and hybrid models
The BTCs acquired upon dynamic adsorption of Cd(II) ions by ostrich bone ash-supported nZVI were predicted using the Thomas and hybrid models (see Figures 3(a) , 3(b), 4(a) and 4(b)). To assess the goodness of fit,
NRMSE, E f , linear regression and R 2 were calculated using measured and estimated data (see Table 2 ). As can be seen from Figures 3(a) Figure 4(b) ). However, the performance of this model worsens for unsymmetrical BTCs ( pH ¼ 2 in Figure 3 reported that a nonlinear method is more effective than a linear method for predicting the parameters of the Thomas model. A comparison of the BTC estimated using the hybrid model and experimental data is depicted in Figure 5 . The 95% prediction intervals, based on the distribution of points around the fitted line, exhibit an excellent reliability for the fitting and prediction of BTCs (see Figure 5 ). The error histogram of the BTC for the hybrid model is presented in Figure 6 . As can be seen, the error 
Sensitivity analysis
The sensitivity of the hybrid model to input variables is presented in Table 3 . The changes in influence index (%) upon elimination of each input parameter from the hybrid model are presented in Table 3 . It is obvious that initial solution pH is the most sensitive parameter, followed by Q, H and C o . All four operating parameters in Table 3 are considered to be important for the hybrid model as the lowest value of the influence index was significant. Thus, Table 3 shows that an increase in pH, Q, H and C o is significant at 17.082, 13.26, 9.33 and 3.52, respectively.
Calculation of k Th and q ads using the Thomas and hybrid models
The q ads values for Cd(II) dynamic adsorption using experimental data are compared with those calculated using the Thomas and hybrid models in Table 4 . The q ads calculated using the linear regression of the Thomas model is acceptable at the greatest H and lowest Q and C o (see Table 4 ).
However, the linear regression of the Thomas model, which is the most widely used approach for modeling BTCs, provides a poor estimate of q ads at higher Q and C o (see Table 4 ). experimental conditions (see Table 4 ). In addition, the rela- 
